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Introduction {#jat3326-sec-0001}
============

Although testicular toxicity is one of the major concerns for drug development, the toxicity remains difficult to characterize and predict comprehensively using non‐clinical safety assessments for pharmaceuticals. The cynomolgus monkey has been recognized as the most relevant species for the characterization and prediction of testicular toxicity in humans because of strong similarities of spermatogenesis, sperm morphology and hormonal regulation to those in humans (Dreef *et al*., [2007](#jat3326-bib-0009){ref-type="ref"}; McLachlan *et al*., [2002](#jat3326-bib-0021){ref-type="ref"}). Despite the importance of utilizing monkeys in testicular toxicity assessments, few such investigations have been performed because of several limitations, including the number of animals and availability of assay systems for hormones and other biomarkers.

MicroRNAs (miRNAs) are 20 to 25 nucleotide‐long non‐coding RNAs that regulate functions in various organs by post‐transcriptional repression of messenger RNAs (Bartel, [2004](#jat3326-bib-0004){ref-type="ref"}). MiRNAs are highly conserved across species and relatively stable compared with messenger RNAs (Bartel, [2004](#jat3326-bib-0004){ref-type="ref"}; Gantier *et al*., [2011](#jat3326-bib-0012){ref-type="ref"}). The conditional knockout (KO) of a miRNA dicer, a prerequisite for the production of miRNAs, in Sertoli cells in mice resulted in infertility, suggesting the importance of miRNAs for spermatogenesis (Papaioannou *et al*., [2009](#jat3326-bib-0025){ref-type="ref"}). Additionally, double KO of miR‐34b/c and miR‐449 in mice resulted in severely disrupted spermatogenesis (Wu *et al*., [2014](#jat3326-bib-0030){ref-type="ref"}). Recently, we demonstrated that levels of testicular miR‐34b and/or miR‐449a were decreased in cynomolgus monkeys treated with ethylene glycol monomethyl ether (EGME), a representative testicular toxicant (Sakurai *et al*., [2015](#jat3326-bib-0026){ref-type="ref"}). Interestingly, decreases in these miRNAs were also seen in the testes of infertile men with histopathological abnormalities such as Sertoli cell‐only syndrome or mixed atrophy (Abu‐Halima *et al*., [2014](#jat3326-bib-0001){ref-type="ref"}). These characteristics and results provided the basis for the potential application of miRNAs as biomarkers for testicular toxicity, and the monkey model would be useful to investigate the mechanisms of testicular toxicity and the potential translational biomarkers in humans. Although testicular‐specific miRNAs have been identified in rats (Minami *et al*., [2014](#jat3326-bib-0022){ref-type="ref"}), miRNA profiling, using nucleotide sequencing and tissue distribution in cynomolgus monkeys, has not been studied adequately.

Lue *et al*. ([2002](#jat3326-bib-0020){ref-type="ref"}) reported that testicular hyperthermia (TH)‐treated cynomolgus monkeys exhibited testicular injury characterized by apoptosis of pachytene spermatocytes and round spermatids. Notably, the TH model did not induce any other organ toxicities, unlike nitrobenzene‐ (Berner *et al*., [2009](#jat3326-bib-0005){ref-type="ref"}) or EGME‐induced testicular toxicity models (Johanson, [2000](#jat3326-bib-0015){ref-type="ref"}). For this reason, the TH model is considered suitable to investigate testicular toxicity‐specific translational biomarkers.

In the present study, we identified testicular‐specific miRNAs in cynomolgus monkeys using next‐generation sequencing (NGS). Furthermore, testicular toxicity‐related miRNAs were identified in a monkey model of TH‐induced testicular injury using miRNA microarray or reverse transcription‐quantitative real‐time‐PCR (RT‐qPCR) methods.

Materials and methods {#jat3326-sec-0002}
=====================

Animals {#jat3326-sec-0003}
-------

Ten mature cynomolgus monkeys (eight males: six of Indonesian origin and two of Chinese origin; one female each of Indonesian origin and Chinese origin) were obtained from CLEA Japan, Inc. (Indonesian origin, Tokyo, Japan) or Hamri Co., Ltd. (Chinese origin, Ibaraki, Japan). The animals were between 5 and 11 years of age and weighed between 2.8 and 6.6 kg. Monkeys were housed individually in stainless‐steel cages (W 594 mm × D 870 mm × H 1015 mm) in an animal study room maintained at a temperature of 24 °C and humidity of 60%, and the lighting was on a 12‐h light (from 07:00 to 19:00) and 12‐h dark cycle. Commercial pellets for monkeys (PS‐A, Oriental Yeast Co., Ltd., Tokyo, Japan) were given to each animal (100 g day^--1^) in the morning (from 07:00 to 09:00). On the day of the TH treatment, half of an apple was also given to the animals. All animal procedures were performed in accordance with the guidelines of the Animal Care and Use Committee of Daiichi Sankyo Co., Ltd (Tokyo, Japan). The experimental protocols were approved by the Institutional Animal Care Committee of Daiichi Sankyo Co., Ltd.

NGS analysis {#jat3326-sec-0004}
------------

For NGS analysis, two males (Chinese origin) and two females (Chinese and Indonesian origin) were euthanized humanely under anesthesia with an intramuscular injection of ketamine hydrochloride (20 mg kg^--1^, Ketalar Intramuscular 500 mg; Daiichi Sankyo Co., Ltd) and xylazine (0.5 mg kg^--1^, Celactal; Bayer Yakuhin, Ltd., Osaka, Japan). The liver (left lateral lobe), heart (left ventricular wall), lung (left caudal lobe), kidney (cortex), spleen, small intestine (jejunum and ileum) and testis (left) were collected, snap‐frozen in liquid nitrogen, and stored at --80 °C. Necropsy was performed between 09:00 to 12:00 for each animal depending on the anesthetic condition of the animal and practical reason. Total RNA was extracted from 50 to 100 mg of each frozen tissue using miRNeasy mini kits (Qiagen, Venlo, the Netherlands) according to the manufacture\'s protocol followed by pooling the same amount of total RNA from four animals for each organ. The small RNA library construction and deep sequencing were carried out at Hokkaido System Science Co., Ltd. (Hokkaido, Japan). Briefly, 1 µg of total RNA including small RNA was prepared into a sequence library according to the instructions for the TruSeq small RNA sample preparation kit (Illumina, San Diego, CA, USA). Multiplex sequencing was performed using a HiSeq 2000 analyzer and 101‐bp single reads. From the sequenced reads, the adapter sequences were trimmed using the cutadapt program, version 1.1 (<https://pypi.python.org/pypi/cutadapt/1.1>). After the adapters had been trimmed, the reads for each unique sequence were counted using Linux commands. The reads of more than 16 bp were aligned to mature miRNA records present in miRBase (Release 19, <http://www.mirbase.org>/) using the BLAST program, version 2.2.26. The sum of the ‐3p and ‐5p counts was represented as the miRNA count. Count data were normalized by total sequenced nucleotides and expressed as reads per million (rpm). Testicular‐specific miRNAs were selected using the criterion that the proportion of the rpm for the testis accounted for more than 90% of the total rpm, with the rpm values for the testis being more than 500.

Experimental protocol for the TH treatment {#jat3326-sec-0005}
------------------------------------------

Six mature males (Indonesian origin) were assigned to the TH treatment experiment. TH treatment was performed on three animals according to a previously reported method (Lue *et al*., [2002](#jat3326-bib-0020){ref-type="ref"}) with some modifications. In brief, the inferior gluteal region, including the scrota with the testes, was immersed in a 43 °C water bath for 30 min under anesthesia with an intramuscular injection of 10 mg kg^--1^ ketamine hydrochloride (Daiichi Sankyo Co., Ltd). After the treatment, the animals were dried with a clean towel and confirmed not to have any signs of burn injury. For the untreated control group, three animals were subject to a sham treatment involving immersion into an empty water bath at room temperature for 30 min. The TH treatment was performed once daily for 5 consecutive days; the first day of the TH treatment was designated as Day 1. Body weight measurement, blood sampling for miRNAs analysis, blood chemistry and testosterone measurements were conducted before TH treatment (Days --11 and --4) and on Days 12 and 25. Blood (*c*. 2 ml) was taken from the femoral vein, and the obtained whole blood was immediately placed in tubes (Microtainer®; Becton, Dickinson and Co., NJ, USA) containing EDTA‐2 K for miRNA analysis or heparin lithium for blood chemistry and testosterone measurements. Plasma samples were obtained by centrifugation at 4 °C and 11 190 *g* for 5 min and then stored in a freezer at --80 °C until analysis. Blood chemistry parameters were measured using an autoanalyzer (TBA‐200FR; Toshiba Medical Co., Ltd., Tochigi, Japan). The testosterone concentration was determined in duplicate by a fluoroimmunoassay with DELFIA testosterone reagents (R050‐101; PerkinElmer, Inc., MA, USA). On the day after the final blood collection (Day 26), animals were anesthetized with an intramuscular injection of 10 mg kg^--1^ ketamine hydrochloride, and the left testis was then removed by aseptic surgery under inhalation of isoflurane (1.0 to 1.5%, Escain®; Mylan Inc., Canonsburg, PA, USA). The surgical operation was done between 09:00 to 12:00. Each removed testis was immediately dissected in half, with one half used for histopathology analysis and the other for miRNA analysis.

Histopathology {#jat3326-sec-0006}
--------------

The removed testis was fixed in formalin--sucrose--acetic acid and embedded in paraffin. Sections were stained with hematoxylin and eosin (H&E) for microscopic examination.

RNA extraction {#jat3326-sec-0007}
--------------

Total RNA was extracted from plasma samples using miRNeasy mini kits (Qiagen) according to the manufacturer\'s instructions. For the testicular sample, frozen samples (50 to 100 mg) were homogenized with QIAzol lysis reagent (Qiagen). Then, the homogenate was used for RNA extraction according to the manufacture\'s protocol. The quality of extracted total RNA from the testis was checked using a 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA, USA).

Microarray analysis of testicular samples {#jat3326-sec-0008}
-----------------------------------------

Total RNA from the testis was labeled with Hy5 using the miRCURY LNA Array miR labeling kit (Exiqon A/S, Vedbaek, Denmark) according to the manufacturer\'s protocol. Labeled RNAs were hybridized onto 3D‐Gene® Human miRNA Oligo chips (Human miRNA V20; TORAY Industries, Inc., Tokyo, Japan). After stringent washes of the samples, fluorescent signals were scanned with a 3D‐Gene® Scanner (TORAY Industries, Inc.) and analyzed using 3D‐Gene® Extraction software (TORAY Industries, Inc.).

The raw data for each spot were normalized by substitution with a mean intensity of the background signal, determined by the upper limit of the 95% confidence intervals of the signal intensities of all of the blank spots. Measurements of spots with signal intensities greater than two standard deviations (SD) of the background signal intensity were considered to be valid. The relative expression level of a given miRNA was calculated by comparing the signal intensities of the valid spots throughout the microarray experiments. The data were globally normalized per array, such that the median of the signal intensity was adjusted to 25. Up‐ and down‐regulated miRNAs in the testis induced by TH treatment were identified based on the criterion that the mean signal intensity was more than 2.0‐fold or less than 0.50‐fold of the control value.

RT‐qPCR analysis of the testis and plasma {#jat3326-sec-0009}
-----------------------------------------

Total RNA samples were reverse‐transcribed with a TaqMan® MicroRNA Reverse Transcription kit (Thermo Fisher Scientific Inc., Waltham, MA, USA) to obtain cDNA samples. Using the results of the NGS and microarray analyses in this study and data in the literature (Dere *et al*., [2013](#jat3326-bib-0008){ref-type="ref"}; Fukushima *et al*., [2011](#jat3326-bib-0011){ref-type="ref"}; Lize *et al*., [2011](#jat3326-bib-0019){ref-type="ref"}; Sakurai *et al*., [2015](#jat3326-bib-0026){ref-type="ref"}; Smorag *et al*., [2012](#jat3326-bib-0027){ref-type="ref"}; Wu *et al*., [2014](#jat3326-bib-0030){ref-type="ref"}), the following miRNAs were examined for RT‐qPCR analysis: miR‐34b‐5p, miR‐34c‐5p and miR‐449a for the testis and miR‐34c‐5p and miR‐202‐5p for the plasma. Namely, plasma miR‐34c‐5p was selected as a representative miRNA of the miR‐34/449 family, and plasma miR‐202‐5p has been reported for its elevation in rat testicular toxicity model (Dere *et al*., [2013](#jat3326-bib-0008){ref-type="ref"}). These miRNAs were subjected to RT‐qPCR with a 7900HT Fast Real‐Time PCR System (Thermo Fisher Scientific Inc.). Although miR‐508‐3p was also a candidate miRNA because of its high specificity to the testis, the primer for mml‐miR‐508‐3p (Thermo Fisher Scientific Inc., Assay ID: \#4440887, currently not available), which has the exact matched sequence to that of cynomolgus monkeys, did not work properly, probably because of its specific nucleotide sequence. The primers for hsa‐miR‐34b‐5p, hsa‐miR‐34c‐5p, hsa‐miR‐449a and hsa‐miR‐202‐5p (Thermo Fisher Scientific Inc., Assay IDs: \#000427, \#000428, \#001030, and \#002579, respectively) were selected based on homology of the sequence between our NGS data and each respective human sequence obtained from miRBase (<http://www.mirbase.org>/). The thermal cycling conditions were 50 °C for 2 min and 95 °C for 20 s followed by 40 cycles of 95 °C for 1 s and 60 °C for 20 s. The miRNA levels were normalized to the spiked‐in cel‐miR‐238 (Syn‐cel‐miR‐238 miScript miRNA Mimic; Qiagen) as an external control.

Statistical analysis {#jat3326-sec-0010}
--------------------

The signal intensity values from the microarray and RT‐qPCR analyzes are expressed as the mean ± SD. They were statistically analyzed using *F*‐tests to evaluate the homogeneity of variance, followed by the Student\'s *t*‐tests (for homogenous data) or Aspin--Welch\'s *t*‐tests (for heterogeneous data). These zanalyzes were performed using Microsoft® Office Excel 2010 (Microsoft Corporation, Redmond, WA, USA). A *P*‐value less than 0.05 was classified as a statistically significant change.

Results {#jat3326-sec-0011}
=======

Determination of testicular‐specific miRNAs by NGS analysis {#jat3326-sec-0012}
-----------------------------------------------------------

A total of approximately 1100 mature miRNAs that had already been confirmed in humans were identified in monkeys. In total, 3 707 568 reads were obtained for the testis by sequencing. Among these mature miRNAs, the 30 most abundant miRNAs in the testis included miR‐508, miR‐34c, let‐7a, let‐7f and miR‐202 (Table [1](#jat3326-tbl-0001){ref-type="table-wrap"}), consistent with those in humans (Yang *et al*., [2013](#jat3326-bib-0032){ref-type="ref"}). The top hit sequences of miR‐508, miR‐34c and miR‐202 were annotated as mml‐miR‐508‐3p, hsa‐miR‐34c‐5p and hsa‐miR‐202‐5p, respectively. The nucleotide sequences of 29 of the 30 most abundant miRNAs except for miR‐508 perfectly matched to the corresponding miRNA sequences in humans, although there were isomiRs of each miRNA. In contrast, mml‐miR‐508‐3p, the top hit of miR‐508, had two mismatch sequences compared with humans (5′‐ugauuguagccuuuuggaguaga‐3′) based on miRBase (Release 19, <http://www.mirbase.org>/). When each rpm of the testicular miRNA was compared with those of the liver, heart, lung, kidney, spleen and small intestine, miR‐508‐3p, miR‐34c‐5p, miR‐202‐5p and miR‐449a were determined to be testicular‐specific miRNAs, although slight expression levels of miR‐34c‐5p and miR‐449a were detected in the lung (Fig. [1](#jat3326-fig-0001){ref-type="fig"}).

###### 

Top 30 most abundantly expressed testicular miRNAs in cynomolgus monkeys as determined by next generation sequencing

  No.   miRNA      Read count   Top hit sequence          Annotation
  ----- ---------- ------------ ------------------------- -------------------------------------------------------
  1     miR‐10b    3707568      UACCCUGUAGAACCGAAUUUGU    hsa‐miR‐10b‐5p
  2     miR‐143    1362027      UGAGAUGAAGCACUGUAGCU      hsa‐miR‐143‐3p
  3     miR‐191    576073       CAACGGAAUCCCAAAAGCAGCUG   hsa‐miR‐191‐5p
  4     miR‐26a    265785       UUCAAGUAAUCCAGGAUAGGCU    hsa‐miR‐26a‐5p
  5     miR‐508    262691       AUUGUCGCCUUUUUGAGUAGA     mml‐miR‐508[a](#jat3326-note-0002){ref-type="fn"} ^)^
  6     miR‐181a   245703       AACAUUCAACGCUGUCGGUGAG    hsa‐miR‐181a‐5p
  7     miR‐22     237376       AAGCUGCCAGUUGAAGAACUGU    hsa‐miR‐22‐3p
  8     miR‐27b    197483       UUCACAGUGGCUAAGUUCUG      hsa‐miR‐27b‐3p
  9     miR‐34c    195393       AGGCAGUGUAGUUAGCUGAUUGC   hsa‐miR‐34c‐5p
  10    miR‐126    102445       CAUUAUUACUUUUGGUACGCG     hsa‐miR‐126‐5p
  11    miR‐92a    97483        UAUUGCACUUGUCCCGGCCUGU    hsa‐miR‐92a‐3p
  12    let‐7a     96729        UGAGGUAGUAGGUUGUAUAGUU    hsa‐let‐7a‐5p
  13    miR‐16     92968        UAGCAGCACGUAAAUAUUGGCG    hsa‐miR‐16‐5p
  14    let‐7f     76400        UGAGGUAGUAGAUUGUAUAGUU    hsa‐let‐7f‐5p
  15    miR‐125a   70066        UCCCUGAGACCCUUUAACCUGU    hsa‐miR‐125a‐5p
  16    miR‐30a    59068        UGUAAACAUCCUCGACUGGA      hsa‐miR‐30a‐5p
  17    miR‐151a   53252        UCGAGGAGCUCACAGUCUAGU     hsa‐miR‐151a‐5p
  18    miR‐148a   53242        UCAGUGCACUACAGAACUUUGU    hsa‐miR‐148a‐3p
  19    miR‐202    51687        UUCCUAUGCAUAUACUUCUUU     hsa‐miR‐202‐5p
  20    miR‐99b    49297        CACCCGUAGAACCGACCUUGCG    hsa‐miR‐99b‐5p
  21    miR‐127    48741        UCGGAUCCGUCUGAGCUUGGCU    hsa‐miR‐127‐3p
  22    miR‐21     44394        UAGCUUAUCAGACUGAUGUUGA    hsa‐miR‐21‐5p
  23    miR‐28     40298        CACUAGAUUGUGAGCUCCUGGA    hsa‐miR‐28‐3p
  24    miR‐204    39459        UUCCCUUUGUCAUCCUAUGCCU    hsa‐miR‐204‐5p
  25    let‐7 g    38843        UGAGGUAGUAGUUUGUACAGUU    hsa‐let‐7 g‐5p
  26    miR‐449a   32023        UGGCAGUGUAUUGUUAGCUGGU    hsa‐miR‐449a
  27    miR‐30d    31543        UGUAAACAUCCCCGACUGGA      hsa‐miR‐30d‐5p
  28    miR‐486    28444        UCCUGUACUGAGCUGCCCCGAGU   hsa‐miR‐486‐5p
  29    miR‐25     28406        CAUUGCACUUGUCUCGGUCUGA    hsa‐miR‐25‐3p
  30    miR‐186    27971        CAAAGAAUUCUCCUUUUGGGCU    hsa‐miR‐186‐5p

Data of read count was obtained from a pooled sample of two mature male animals.

mml‐miR‐508 is a previous name of mml‐miR‐508‐3p.

![Tissue specificity of several miRNAs in cynomolgus monkeys. (A) miR‐508‐3p, (B) miR‐34c‐5p, (C) miR‐202‐5p and (D) miR‐449a. The *y*‐axis represents reads per million. Liver: Left lateral lobe, Heart: Left ventricular wall, Kidney: Cortex, Lung: Left caudal lobe, Small intestine: Jejunum and ileum.](JAT-36-1614-g001){#jat3326-fig-0001}

Clinical observations, blood chemistry and testosterone measurement after the TH treatment {#jat3326-sec-0013}
------------------------------------------------------------------------------------------

TH treatment for 5 consecutive days did not cause any abnormalities in general condition, body weight or blood chemistry parameters. Also, no noteworthy changes were observed in plasma testosterone levels (Fig. [2](#jat3326-fig-0002){ref-type="fig"}).

![Effect of testicular hyperthermia on plasma testosterone levels in cynomolgus monkeys. Testosterone levels were measured before treatment (Days --11 and --4) and on Days 12 and 25. Data are shown as the mean ± SD (*n* = 3 per group).](JAT-36-1614-g002){#jat3326-fig-0002}

Histopathology {#jat3326-sec-0014}
--------------

In all the TH‐treated animals, a slight‐to‐moderate degeneration of spermatocytes/spermatids, slight‐to‐moderate decrease in the numbers of pachytene spermatocytes and round spermatids, and a severe decrease in the number of elongated spermatids were observed. No changes were observed in any of the control animals (Fig. [3](#jat3326-fig-0003){ref-type="fig"}).

![Testicular lesion in a cynomolgus monkey caused by testicular--hyperthermia treatment. (A) and (C): Control animal, (B) and (D): Testicular‐hyperthermia treated animal. (C) and (D) are higher magnified images of the areas surrounded by the rectangles in (A) and (B), respectively. In the testicular‐hyperthermia treated animal, elongated spermatids were nearly absent, the numbers of spermatocytes and round spermatids were decreased and degenerated spermatocytes/spermatids were observed. Arrowhead: degenerated spermatocytes/spermatids, Bar: 200 µm (A and B), 50 µm (C and D).](JAT-36-1614-g003){#jat3326-fig-0003}

Microarray analysis of testicular miRNAs after TH treatment {#jat3326-sec-0015}
-----------------------------------------------------------

In the comprehensive microarray analysis for human miRNAs, 24 testicular miRNAs were differentially expressed in the TH‐treated group relative to those in the control group. These included 11 up‐regulated miRNAs and 13 down‐regulated miRNAs (Table [2](#jat3326-tbl-0002){ref-type="table-wrap"}). The down‐regulated miRNAs included hsa‐miR‐34b‐3p, hsa‐miR‐34b‐5p, hsa‐miR‐34c‐3p, hsa‐miR‐34c‐5p, hsa‐miR‐449a and hsa‐miR‐449b‐5p, with 0.23 to 0.42‐fold lower expression than the control group. In contrast, the expression levels of the testicular‐specific hsa‐miR‐508‐3p and hsa‐miR‐202‐5p were not different compared with those in the control group.

###### 

Effect of testucular hyperthermia on testicular miRNAs in cynomolgus monkeys

                         Testis                      
  ---------------------- ----------------- --------- ---------
  Up‐regulated miRNA     hsa‐miR‐6759‐5p   2.84      0.022
                         hsa‐miR‐6785‐5p   2.40      0.023
  hsa‐miR‐4433‐3p        2.33              0.018     
  hsa‐miR‐557            2.31              0.045     
  hsa‐miR‐6742‐5p        2.29              0.015     
  hsa‐miR‐4640‐5p        2.27              0.027     
  hsa‐miR‐6840‐3p        2.25              0.006     
  hsa‐miR‐4433b‐3p       2.16              0.009     
  hsa‐miR‐6722‐3p        2.13              0.005     
  hsa‐miR‐6737‐5p        2.09              0.027     
  hsa‐miR‐199b‐5p        2.02              0.016     
  Down‐regulated miRNA   hsa‐miR‐7162‐3p   0.10      \<0.001
                         hsa‐miR‐7153‐5p   0.20      0.025
  hsa‐miR‐34b‐3p         0.23              0.004     
  hsa‐miR‐34c‐5p         0.26              0.021     
  hsa‐miR‐34b‐5p         0.28              0.015     
  hsa‐miR‐551b‐3p        0.29              0.004     
  hsa‐miR‐200b‐3p        0.29              0.003     
  hsa‐miR‐200a‐3p        0.34              \<0.001   
  hsa‐miR‐34c‐3p         0.39              0.010     
  hsa‐miR‐449b‐5p        0.40              0.015     
  hsa‐miR‐449a           0.42              0.008     
  hsa‐miR‐15b‐5p         0.48              0.006     
  hsa‐miR‐4745‐5p        0.48              0.013     

*P*‐values were calculated by Student\'s *t*‐test or Aspin--Welch\'s *t*‐test.

Fold changes were calculated based on the average values in the control group.

RT‐qPCR analysis of testicular and plasma miRNAs {#jat3326-sec-0016}
------------------------------------------------

Little variability was observed in the replicate samples using RT‐qPCR analysis. In the testis, miR‐34b‐5p and miR‐34c‐5p were significantly decreased, but miR‐449a did not differ compared with the control group (Fig. [4](#jat3326-fig-0004){ref-type="fig"}). Neither circulating miR‐34c‐5p nor miR‐202‐5p levels showed statistically significant changes on any examination day (Fig. [5](#jat3326-fig-0005){ref-type="fig"}).

![Effect of testicular hyperthermia on the expression levels of testicular‐specific miRNAs in cynomolgus monkeys. The expression level of each miRNA in the testicular‐hyperthermia treated group expressed relative to that of the control group (normalized as 1). Data are shown as the mean ± SD (*n* = 3 per group). The asterisks (\*) indicate statistical significance (*P*‐value \< 0.05) by *t*‐test.](JAT-36-1614-g004){#jat3326-fig-0004}

![Effect of testicular hyperthermia on the expression levels of testicular‐specific plasma miRNAs in cynomolgus monkeys. (A) miR‐34c‐5p and (B) miR‐202‐5p. The expression level of each miRNA on Days 12 and 25 is expressed relative to the average of pre‐treatment values on Days --11 and --4 normalized as 1. Undetectable low values were regarded as 0. Data are shown as the mean ± SD (*n* = 3 per group). No statistically significant change was observed in the expression levels compared with those of the control group.](JAT-36-1614-g005){#jat3326-fig-0005}

Discussion {#jat3326-sec-0017}
==========

MiRNAs have been recognized as novel biomarkers for detecting and monitoring organ toxicities in recent years (Starkey Lewis *et al*., [2011](#jat3326-bib-0028){ref-type="ref"}; Yamaura *et al*., [2012](#jat3326-bib-0031){ref-type="ref"}; Cheng *et al*., [2014](#jat3326-bib-0007){ref-type="ref"}; Nishimura *et al*., [2015](#jat3326-bib-0024){ref-type="ref"}) . Also, several miRNAs have been identified to be involved in testicular toxicity in rats (Dere *et al*., [2013](#jat3326-bib-0008){ref-type="ref"}) and humans (Abu‐Halima *et al*., [2014](#jat3326-bib-0001){ref-type="ref"}; Kotaja, [2014](#jat3326-bib-0017){ref-type="ref"}). However, only a few studies have investigated testicular miRNAs in cynomolgus monkeys despite the strong similarities in spermatogenesis and hormone regulation with those in humans (McLachlan *et al*., [2002](#jat3326-bib-0021){ref-type="ref"}; Dreef *et al*., [2007](#jat3326-bib-0009){ref-type="ref"}).

First, to identify organ‐specific miRNAs in cynomolgus monkeys, the 30 most abundant miRNAs in the testis of cynomolgus monkeys were identified using NGS. These miRNAs included let‐7a, let‐7f, miR‐34c, miR‐202 and miR‐508 (Table [1](#jat3326-tbl-0001){ref-type="table-wrap"}), which are highly expressed in the testis of humans (Yang *et al*., [2013](#jat3326-bib-0032){ref-type="ref"}). Furthermore, NGS analysis identified miR‐508‐3p, miR‐34c‐5p, miR‐202‐5p and miR‐449a as testicular‐specific miRNAs (Fig. [1](#jat3326-fig-0001){ref-type="fig"}). Among these miRNAs, miR‐34c and miR‐449a have been reported to have a critical role in spermatogenesis in mice (Wu *et al*., [2014](#jat3326-bib-0030){ref-type="ref"}). Furthermore, miR‐508‐3p has been reported to be abundant in the testis of humans as well (Yang *et al*., [2013](#jat3326-bib-0032){ref-type="ref"}). Interestingly, it has been reported that plasma miR‐202‐5p was elevated in rats with testicular toxicity induced by 1,3‐dinitrobenzene (1,3‐DNB) or carbendazim (CBZ) (Dere *et al*., [2013](#jat3326-bib-0008){ref-type="ref"}). Therefore, these four miRNAs are considered to be potential biomarkers for testicular toxicity even although the functional properties of miR‐508‐3p and miR‐202‐5p are not fully understood.

The cynomolgus monkey has been known to show genomic diversity depending on its origin (Kawamoto *et al*., [2008](#jat3326-bib-0016){ref-type="ref"}; Higashino *et al*., [2012](#jat3326-bib-0014){ref-type="ref"}). Although the effect of the origins on miRNA levels in cynomolgus monkeys has not been fully identified, our previous research did not show any obvious differences in testicular miRNAs levels in cynomolgus monkeys between Indonesian and Chinese origins (Sakurai *et al*., [2015](#jat3326-bib-0026){ref-type="ref"}).

The testicular injury was induced by our TH‐treatment protocol in all three animals without any changes in clinical signs, body weight, food consumption, blood chemistry parameters or plasma testosterone level. These phenotypic characteristics are consistent with a previous report on cynomolgus monkeys, except for a change in testosterone levels (Lue *et al*., [2002](#jat3326-bib-0020){ref-type="ref"}). In our model, histopathological analysis revealed a decreased number of pachytene spermatocytes, round spermatids and elongated spermatids (Fig. [3](#jat3326-fig-0003){ref-type="fig"}). Considering these findings, the spermatogenic cycle of monkeys (Dreef *et al*., [2007](#jat3326-bib-0009){ref-type="ref"}), and the findings of a previous report (Lue *et al*., [2002](#jat3326-bib-0020){ref-type="ref"}), the primary targets in this TH model are thought to be pachytene spermatocytes and round spermatids.

We next evaluated TH treatment‐dependent changes in miRNAs using microarray analysis, and we identified 11 up‐regulated miRNAs (\>2.0 fold) and 13 down‐regulated miRNAs (\<0.5 fold) in the testis of the TH‐treated group (Table [2](#jat3326-tbl-0002){ref-type="table-wrap"}). Although the functions of up‐regulated miRNAs are so far mostly unknown, down‐regulated miRNAs included several miR‐34/449 family members, such as miR‐34b‐3p, miR‐34b‐5p, miR‐34c‐3p, miR‐34c‐5p, miR‐449a and miR‐449b‐5p. The miR‐34/449 family has been reported to be preferentially expressed in the testis, especially in meiotic cells during spermatogenesis (Smorag *et al*., [2012](#jat3326-bib-0027){ref-type="ref"}). Additionally, miR‐449‐null male mice are known to show normal spermatogenesis with up‐regulation of miR‐34b/c (Bao *et al*., [2012](#jat3326-bib-0003){ref-type="ref"}), but miR‐34b/c and miR‐449 double KO mice exhibit severely disrupted spermatogenesis (Wu *et al*., [2014](#jat3326-bib-0030){ref-type="ref"}), suggesting that the miR‐34/449 family has a critical role in spermatogenesis. Taken together, decreased testicular miR‐34/449 expression in the TH‐treatment monkeys might reflect damage to meiotic cells such as pachytene spermatocytes.

Recently, miR‐34c was suggested to be involved in apoptosis and cell proliferation processes (Lize *et al*., [2011](#jat3326-bib-0019){ref-type="ref"}). Liang *et al*. ([2012](#jat3326-bib-0018){ref-type="ref"}) demonstrated that miR‐34c enhanced germ cell apoptosis via activating transcription factor 1, and in contrast, inhibition of miR‐34c suppressed apoptosis with an increased B‐cell leukemia/lymphoma 2 (Bcl‐2) / Bcl‐2‐Associated X Protein (Bax) ratio. Thus, miR‐34c was suggested to be involved in apoptosis and cell proliferation through both pro‐apoptotic and anti‐proliferative functions (Liang *et al*., [2012](#jat3326-bib-0018){ref-type="ref"}). Interestingly, Jia *et al*. ([2007](#jat3326-bib-0034){ref-type="ref"}) revealed that TH treatment in cynomolgus monkeys for 2 consecutive days increased testicular Bcl‐2 levels, but Bcl‐2 was inactivated as a result of phosphorylation at serine 70; therefore, the anti‐apoptotic activity through this pathway may be inactivated in this TH model. In the present study, decreased levels of testicular miR‐34b‐5p and miR‐34c‐5p were confirmed by RT‐qPCR. MiR‐34b‐5p and miR‐34c‐5p are known to be preferentially expressed in pachytene spermatocytes and round spermatids (Bouhallier *et al*., [2010](#jat3326-bib-0006){ref-type="ref"}; Smorag *et al*., [2012](#jat3326-bib-0027){ref-type="ref"}). Collectively, considering that decreased numbers of pachytene spermatocytes and round spermatids were observed in our TH‐treated monkey model, the down‐regulation of miR‐34b‐5p and miR‐34c‐5p may simply reflect the depletion of highly expressed germ cells.

In this study, a human microarray analysis was applied for cynomolgus monkey miRNAs, as this is a genetically similar species to humans. According to the genome sequence of the rhesus monkey, a congeneric species with cynomolgus monkey, both the nucleotide and amino acid sequences of rhesus monkey have 97.5% homology with those of humans (Gibbs *et al*., [2007](#jat3326-bib-0013){ref-type="ref"}). Moreover, many miRNAs are highly conserved among different mammalian species. Our NGS results also showed high homology to humans, namely, the sequences of 29 out of 30 testicular miRNAs perfectly matched those in humans. These data support the application of human microarray analysis to cynomolgus monkey samples.

Plasma miR‐34c‐5p and miR‐202‐5p levels in the TH‐treated group did not change compared with those in the control groups. Various miRNAs are present in the blood, which indicates that they are constitutively released from organs or tissues. Once the organs or tissues are injured by drugs, organ‐specific miRNAs could increase in plasma as is the case with hepatotoxicity (Starkey Lewis *et al*., [2011](#jat3326-bib-0028){ref-type="ref"}). However, the results of the present study indicated that the leakage of miRNAs from damaged testes did not occur or had little impact on their circulating levels because of small amounts of leaked miRNAs. Elkin *et al*. ([2010](#jat3326-bib-0010){ref-type="ref"}) suggested that blood--testis barrier (BTB) integrity was a key factor in determining whether a molecule leaked from the germinal epithelium into the blood. In that study, cadmium induced the leakage of a 76‐kDa molecule via a damaged BTB, whereas methoxy acetic acid or 1,3‐DNB did not damage the BTB or induce leakage of a 15‐kDa molecule. The molecular weight of a miRNA is less than 15 kDa (approximately 5 to 8 kDa); however, circulating miRNAs are packed in an exosome or bound to proteins (Zhang *et al*., [2015](#jat3326-bib-0033){ref-type="ref"}). Therefore, the BTB would still prevent the miRNAs from leaking into circulation in this TH model because the TH‐treatment has been reported to not disturb BTB integrity (Turner *et al*., [1996](#jat3326-bib-0029){ref-type="ref"}). Alternatively, leakage of miRNAs from the testes might have little impact on the circulating levels because of their small size compared to other large organs such as the liver, heart or gastrointestinal tract. Indeed, plasma miR‐202‐5p was elevated only in some animals with testicular lesions induced by 1,3‐DNB or CBZ (Dere *et al*., [2013](#jat3326-bib-0008){ref-type="ref"}). Furthermore, recent studies have shown that miRNAs in exosomes might be useful potential biomarkers if exosomes are leaked, as is the case with the hepatotoxicity (Bala *et al*., [2012](#jat3326-bib-0002){ref-type="ref"}; Momen‐Heravi *et al*., [2015](#jat3326-bib-0023){ref-type="ref"}), but under our current assay condition, it might be difficult to measure exosomal miRNAs owing to quite low expressions of our target miRNAs (miR‐34c‐5p and miR‐202‐5p) in plasma in this study. Therefore, further studies are necessary to establish a circulating miRNA that can be used as a testicular toxicity biomarker.

In conclusion, NGS data showed that miR‐34b‐5p, miR‐34c‐5p, miR‐202‐5p and miR‐508‐3p were testicular‐specific miRNAs in cynomolgus monkeys. Furthermore, testicular miR‐34b‐5p and miR‐34c‐5p are suggested to be involved in testicular damage, including decreased pachytene spermatocytes and spermatids, caused by TH treatment. Our results would be useful for investigating the mechanisms of testicular toxicity in not only monkeys but also humans, considering the physiological similarity between monkeys and humans. Although further investigations are necessary to clarify the application of miRNAs as translational biomarkers for testicular toxicity in humans, our results provide valuable insights into the miRNAs involved in testicular toxicity.
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